Citrobacter rodentium is an attaching and effacing intestinal murine pathogen which shares similar virulence strategies with the human pathogens enteropathogenic-and enterohemorrhagic Escherichia coli to infect their host. C. rodentium is spontaneously cleared by healthy wild-type (WT) mice whereas mice lacking Muc2 or specific immune regulatory genes demonstrate an impaired ability to combat the pathogen. Here we demonstrate that apical formyl peptide receptor 2 (Fpr2) expression increases in colonic epithelial cells during C. rodentium infection. Using a conventional inoculum dose of C. rodentium, both WT and Fpr2 −/− mice were infected and displayed similar signs of disease, although Fpr2 −/− mice recovered more slowly than WT mice. However, Fpr2
Introduction
The mucosal surface of the gastrointestinal (GI) tract is constantly exposed to pathogens and antigens from food and water, and the mucus layer covering the epithelial cells forms a barrier that separates luminal content from the mucosa to protect against such insult. The mucus layer contains an array of defensive compounds, is constitutively produced by goblet cells and dynamically regulated by both the innate and adaptive immune system during infection [1] . The mucus layer is divided into an outer non-sterile and an inner nominally sterile layer covering the mucosa [2] . Knockout studies of specific mucins in mice have shown an increased susceptibility to bacterial infections along the GI tract [3] [4] [5] . Nevertheless, GI pathogens have evolved a multitude of strategies to circumvent the protective response by the host [6] .
Attaching and effacing (A/E) bacteria, enteropathogenic Escherichia coli (EPEC) and enterohaemorrhagic E. coli (EHEC) cause acute watery diarrhea and hemorrhagic colitis, respectively, in humans [7] . Due to their poor infectivity in mice, a related mouse pathogen, Citrobacter rodentium (C. rodentium) is commonly used to study the pathogenesis of A/E bacteria in vivo [8] . This group of pathogens shares a common strategy where infection of the host is initiated by colonization and attachment to the intestinal epithelium followed by effacement of the microvilli and establishment of actinrich pedestal-like structures [8, 9] . A type 3 secretion system is required to successfully translocate effector proteins into host epithelial cells to manipulate the host actin cytoskeleton thereby establishing the characteristic pedestal-like structures [9] [10] [11] . Collectively, these events likely account for coexisting epithelial hyperplasia and diarrhea due to the manipulation of host epithelial cells and interference with normal cellular functions of the distal colon and rectum [12] .
Chemoattractants, including the N-formyl peptides derived from the host or the invading pathogen, govern recruitment of phagocytes to sites of inflammation and infection [13, 14] . The formyl peptides bind to formyl peptide receptors (FPRs), belonging to the class of heterotrimeric G-protein-coupled receptors (GPCRs) present on the surface of activated phagocytes [15] . In humans/mice, FPR1/Fpr1 and FPR2/Fpr2 have received much attention for their roles in host defense against bacterial infections [16] [17] [18] [19] [20] . Apart from being expressed by phagocytes and regulating their functions, FPRs have been found to be expressed by both human and mouse intestinal epithelial cells [17, 21] . Fpr2 expressed on mouse colonic epithelial cells becomes upregulated following dextran-sulfate sodium (DSS) treatment and mice lacking Fpr2 (Fpr2 −/− ) show increased susceptibility to DSS and fail to recover from the ensuing insult [17] . Human GI epithelial cells also express FPR2, and formylated bacterial peptides have been shown to accelerate healing in mechanically injured monolayers from such cell types in vitro [22, 23] . Cytokines, such as interleukin (IL)-4, IL-6, IL-13, and interferon-γ (IFN-γ) have been shown to enhance FPR2 gene expression of in vitro cultured human intestinal epithelial cells [24] . Taken together, these studies indicate that FPR2/Fpr2 play important roles in protecting the host against GI diseases. However, the effect of Fpr2 on the mucus barrier and susceptibility to C. rodentium infection in the presence or absence of the receptor have not yet been examined.
The aims of this study were to investigate the localization of Fpr2 following C. rodentium infection in WT mice and to examine whether the absence of Fpr2 increases the susceptibility to C. rodentium infection. We analyzed a number of aspects important for infection and the development of colitis, including morphological alterations of epithelial cells in the distal colon, mucus production and secretion, pathogen density, and bacterial dissemination. Our data demonstrate that Fpr2 −/− mice are more susceptible to C. rodentium infection with an increased number of pathogens in contact with epithelial cells and translocation to the periphery during the early phase of infection. Furthermore, we verified a role for human epithelial FPR2 in limiting bacterial translocation using in vitro colonic mucosal surfaces.
Methods

Animals
Eight-to 12-week-old male C57BL/6 mice were purchased from Charles Rivers (Germany) and Formyl
Peptide Receptor 2 Knock-out (Fpr2 −/− ) mice were generated as described previously [25] . They were housed under pathogen-free conditions at the Department of Rheumatology and Inflammation Research, University of Gothenburg, Sweden. The animals had free access to water and food throughout the experiment and were monitored daily for the duration of the study. Experimental procedures were approved by the Swedish Laboratory Animal Ethical Committee based on the regulation of the Swedish National Board for Laboratory Animals.
Infection of mice with C. rodentium C. rodentium strain ICC169 was cultured in Luria-Bertani (LB) broth (CM0996, Oxoid) over-night (O/N) at 37°C and mice were inoculated with 0.2 mL of the bacterial suspension containing 5 × 10 9 colony forming units (CFU)/mouse for the conventional dose and 5 × 10 7 CFU/mouse for low dose by oral gavage. Mice were weighed and CFUs were quantified by counting C. rodentium~1 mm diameter fuschia-colored colonies cultured on MacConkey agar (CM0007, Oxoid) O/N to confirm the CFU inoculum. Fecal homogenates were plated and grown for 20 h at 37°C. Control and infected mice were anesthetized with isoflurane and sacrificed by CO 2 and cervical dislocation at day 6 (for low dose), 10, 14, and 19 post infection (PI). The most distal 6 cm of the distal colon was harvested. Thereof, the most distal 1 cm specimen starting at the anal verge was collected and immediately stored at −80°C for glycosylation analysis, and the next 1 cm was collected in Carnoy´s methanol fixative (60% dry methanol, 30% chloroform, and 10% glacial acetic acid). The following 1.5 cm section was collected in 1 mL RNAlater (AM7020, Thermo Fisher Scientific) and the final 1.5 cm section in the perfusionextraction buffer for cytokine analysis (specified in cytokine protein section, below).
Cell culture, C. rodentium infection, and FPR2 inhibitor treatment HT29 MTX-E12 cells were maintained and grown into an in vitro mucosal surface as described [26, 27] . Briefly, cells were grown to confluency on snap-well plates (1.12 cm 2 , CLS3407, Corning®), subjected to differentiating media for 6 d and then for semi-wet interface culture with mechanical stimulation for 28 d. For FPR2 inhibitor and infection with EPEC and C. rodentium, cell culture media were changed to antibiotic-free RPMI 1640 (BE12-702F/U1 Lonza) + 10% Fetal bovine serum (FBS) (34-015-CV, Corning®) at day 34 postconfluency. The extended time of culture was to ensure homogeneity, improve morphology and allow the cells to produce a mucus layer prior to infection. C. rodentium was grown as described above and harvested into sterile PBS. For infection, 10 µL of C. rodentium and EPEC suspensions with a CFU count of 2 × 10 9 and 4 × 10 6 CFU/mL, respectively, were added to the apical side of the membrane 24 h prior to harvest in Carnoy´s methanol fixative. For inhibiting FPR2, 1 µM of HF965A (ref PMID: 25462815) kindly provided by Henrik Franzyk (Department of Drug Design and Pharmacology, University of Copenhagen, Denmark), PBP10 (Caslo Laboratory) or WRW4 (GenScript Corp) was added to the basolateral compartment 2 h prior to infection. The inhibitors were replenished at 2 hPI to avoid complete degradation of the peptide during the experiment.
Histology
For analysis, 5-µm-thick paraffin-embedded mouse distal colon and HT29 MTX-E12 in vitro mucosal membrane sections were warmed for 10 min at 60°C, deparaffinized and rehydrated in xylene for 30 min and subsequently in decreasing concentrations of ethanol for 2 min each; 100%, 95%, 70% and distilled H 2 O and stained with Hematoxylin/eosin (H&E) for analysis. The slides were blinded and the entire specimens were systematically scored for crypt architecture (0-4), tissue damage (0-4), crypt length (0-4), neutrophil count in lamina propria (0-4), inflammatory cell infiltration (0-4), and crypt abscesses (0-4). Goblet cell depletion and mucus-related parameters were verified by Periodic-acid Schiff (PAS) (3952016, Sigma-Aldrich)/Alcian blue 8GX (A5268, Sigma-Aldrich) stain as described in [26] . The total colitis scores reflect the sum of these scores.
Immunofluorescence
Paraffin-embedded sections were deparaffinized and rehydrated as described above. For antigen retrieval, sections were heated in 0.01 M citric acid buffer pH 6 at 99°C for 30 min and 10 min for tissues and in vitro mucosal membranes, respectively, and allowed to cool down for 30 min at room temperature (RT). Non-specific binding was blocked using 5% FBS diluted in phosphate-buffered saline (PBS) and the sections were incubated with an antibody recognizing the murine and human MUC2 mucin (polyclonal rabbit-anti-MUC2C3 [2] , kind gift from Professor G. Hansson, University of Gothenburg, Sweden) diluted (1:1000) in blocking buffer and incubated for 2 h, at RT. For bacterial localization, sections were incubated with monoclonal rabbit-anti-E. coli O152 antiserum (295,774, Denka Seiken) diluted 1:100 O/N at 4°C. For Fpr2 localization, sections were incubated with the primary antibody rabbit-anti-FPRL1 (NLS1878, Novus Biologicals) diluted 1:800 in protein block (X0909, DAKO) and incubated at 4°C O/N. Sections were rinsed three times in PBS and incubated for 1 h, at RT with Alexa Fluor 488-conjugated goat anti-rabbit (1:500) followed by three washes in PBS. In situ hybridization of eubacteria in tissues and C. rodentium on in vitro mucosal membranes was carried out as described in [26] using a Cy3.5 5ʹ labeled eubacteria-specific probe. To outline the tissue sections, Cell mask (C10046, Thermo Fisher Scientific) diluted (1:14,000) in PBS was applied and sections were incubated for 30 min at RT followed by a brief wash in PBS and distilled H 2 O. To visualize DNA, the sections were mounted with DAPI containing Prolong Gold anti-fade reagent (P36935, Thermo Fisher Scientific). Pictures were captured with an Eclipse 90i fluorescence microscope (Nikon). Semi-quantification of bacteria in the different locations of the tissue sections was scored based on Eub338 density in the inner mucus layer/ in close association with epithelial cells (Score 1 = >10%, 2 = 10-50%, 3 = 50-70% and 4 = >70%) and the total number of crypts colonized below the neck of the crypt (Score 1 = 1-3 crypts, 2 = 3-5 crypts and 3 = >5 crypts colonized). Semi-quantification of Fpr2 at the surface epithelium in WT mice was scored based on percentage of epithelium stained by the Fpr2 antibody in 10 fields of view (1 = >20%, 2 = 20-40%, 3 = 40-60%, 4 = 60-80% and 5 = >80%). Staining was scored in a blinded fashion at 40x magnification.
Incorporation of GalNAz
A total volume of 0.5 mL per mouse of the Click-iT reagent N-azidoacetylgalactosamine (GalNAz) (C33365, Thermo Fischer Scientific) was prepared by dissolving 2.6 mg of GalNAz in 100 µL Dimethyl sulfoxide (A3672, AppliChem GmbH) and diluted in 1 mL in PBS (0.15 mol/L NaCl, 5 mmol/L sodium phosphate buffer, pH 7.4). The injections were given intraperitoneally. Mice were sacrificed 3 h after the GalNAz injection. Paraffin-embedded samples were dewaxed, hydrated, and washed in PBS. Membrane sections were incubated with 20 µL of the reaction mix from the tetramethylrhodamine (TAMRA) glycoprotein detection kit (C10410, Thermo Fischer Scientific) and incubated at room temperature for 2 h, followed by one wash in PBS. The sections were mounted with DAPI containing Prolong Gold anti-fade reagent (P36935, Thermo Fisher Scientific) to visualize DNA (nuclei). The intensity and localization of freshly produced mucins were evaluated in a blinded fashion at 40x magnification on an Eclipse 90i fluorescence microscope (Nikon). Due to that co-stain with antibody against Muc2 affected the TAMRA intensity; goblet cells were identified based on cellular morphology.
Cytokine protein detection
Intestinal colon samples were collected as described above in inhibition buffer containing; Soybean Trypsin Inhibitor (T9003, Sigma Aldrich), Pefabloc (399-01, Coatech), EDTA, BSA (A-4503, Sigma Aldrich), and PBS-tween and stored at −80°C. For protein detection of cytokines and chemokines listed in Table 1 , samples were thawed and homogenized with a FastPrep®-24 Instrument (MP Biomedicals) followed by addition of 2% Saponin (S-1252, Sigma Aldrich) and stored at 4°C O/N after which the supernatant was collected and analyzed for cytokine/chemokine content using a Bio-Plex Pro Mouse Cytokine 23-Plex assay, a Luminex 200 System and Bio-Plex Manager software version 6.0 (BioRad) according to manufacturer's instructions.
Mass spectrometric analysis of o-glycans
Cell lysis and protein extraction: Murine colons from C. rodentium infected (low dose) WT and Fpr2 −/− mice (n = 3) were processed using VDI 12 hand-held homogenizer (VWR International) and a cell lysis buffer containing 100 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 10 mM DTT and protease inhibitor cocktail (Sigma). Samples were incubated in ice for 15 min, followed by homogenizing twice for 1 min with 5 min pause between treatments. Protein extraction was carried out overnight at 4°C by end-over-end rotation, followed by centrifugation for 30 min, 12,000 RPM at 4°C. The supernatant containing the soluble extract was collected and the protein concentrations were measured using NanoDrop 2000 (Thermo Scientific).
Release of O-glycans from extracted proteins: Approximately 100 µg of extracted protein samples were dot blotted on PVDF membrane (Millipore). Proteins were stained using Alcian blue stain solution, excised and transferred to separate Eppendorf tubes. N-glycans were removed using 10 U N-glycosidase F (PNGase F, Elizabethkingia miricola, Promega) in 20 µL water/tube by overnight incubation at 37°C. Subsequently, the Alcian blue-stained spots were subjected to reductive β-elimination with 0.5 M sodium borohydride in 50 mM sodium hydroxide for 16 h at 50°C to release the O-glycans. The reduction reaction was quenched by the addition of glacial acetic acid to the mixtures and desalted using strong cation exchange resin packed on top of C18 column. The solid-phase extraction removed cations and any protein or peptide component remaining. Excess borate was extracted as methyl esters by repeated evaporation.
Characterization of O-glycans: Released O-glycans were analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) using a 10 cm X 250 µm i.d. column (in-house), containing 5 µm porous graphitized carbon (PGC) particles (Thermo Scientific, Waltham, MA, USA) connected to an LTQ mass spectrometer (Thermo Scientific). O-glycans were eluted using a linear gradient from 0% to 40% acetonitrile in 10 mM ammonium bicarbonate over 40 min at a flow rate of 250 nl/min. Electrospray ionization-mass spectrometry (ESI-MS) was performed in negative ion polarity with an electrospray voltage of 3.5 kV, capillary voltage of −33.0 V, and capillary temperature of 300°C. The following scan events were used: MS full scan (m/z 380-2000) and data-dependent tandem MS (MS/MS) scans after collision-induced dissociation (CID) on precursor ions at a normalized collisional energy of 35% with a minimum signal of 300 counts, isolated width of 2.0 m/z, and activation time of 30 ms. The data were viewed and manually analyzed using Xcalibur software (version 2.2, Thermo Scientific). Molecular mass, retention time on PGC column, and tandem mass spectra along with in-house tandem mass spectral glycan library were used for structural identification.
Statistical analysis
All tests were performed using GraphPad Prism (GraphPad Software, version 7.0). Values are expressed as mean ± S.E.M or geometric mean ± interquartile ranges. Comparison of data between control and infected at a specific time-point was made using the unpaired t-test or Mann-Whitney U-test. KruskalWallis test followed by Dunn's multiple comparison test was used to compare data from more than two experimental groups. Refer to figure legends for the specific statistical test used for each comparison.
Results
Epithelial Fpr2 staining intensity increase during C. rodentium infection
To analyze effects of C. rodentium infection on epithelial Fpr2 localization we selected three time-points based on earlier work: day 10 (peak of C. rodentium density in feces:~10 8 CFU/g), day 14 (start of decrease in bacterial density:~10 7 CFU/g) and day 19 (close to clearance of infection:~10 2 -10 4 CFU/g) PI [28, 29] . Epithelial Fpr2 was detected in non-infected wild type (WT) mice and the intensity of Fpr2 in epithelial cell junctions and apical localization increased during C. rodentium infection, especially at day 10 and 19 PI (p < 0.05, Figure 1(a-c) ).
Fpr2
−/− mice recover more slowly from C. rodentium infection than WT mice
WT and Fpr2
−/− mice infected with a conventional dose (5 x 10 9 CFU) showed a similar pathogen burden until day 17 PI (Figure 1(d)) ; however, at day 19 PI Fpr2 −/− mice tended to have 10-fold higher fecal C. rodentium CFU counts (p = 0.06, Figure 1(d)) . No difference in the number of C .rodentium in the spleen was observed between groups (Figure 1(e) ). In line with these results, the colitis scores were similar at day 10 and 14 PI in WT and Fpr2 −/− mice (Figure 1(f) ), whereas at day 19 PI the total colitis score was higher in Fpr2 −/− than in WT mice (p < 0.05, Figure 1(f) ).
Fpr2
−/− mice have increased susceptibility to C. rodentium colonization and develop more severe colitis in response to low dose infection
To assess whether Fpr2 −/− mice are more susceptible to pathogen colonization than WT mice, we used a C. rodentium inoculum dose aimed to infect only a low proportion of WT mice (5 × 10 7 CFU/mouse), which is 100 fold lower than the dose used for the mice in Figure 1 and 10-100 fold lower than the standard dose [30, 31] , and harvested mice at day 6 PI. Our results showed that 100% of the Fpr2 −/− mice became colonized, in contrast to only 30% of the WT mice (p < 0.0005, Figure 2(a) ). Among colonized animals, colitis scores and C. rodentium CFUs in the spleen were higher in Fpr2 −/− compared to WT mice (p < 0.05, Figure 2 (b and c)) and a similar trend was found in the liver CFU count (p < 0.07, Figure 2(b) ). Among colonized animals, the number of neutrophils in the tissue tended to be slightly higher in infected WT mice as compared to Fpr2 −/− mice (p = 0.14, Figure 2(d) ). Inoculated WT mice that did not become infected had similar colitis scores as non-infected WT and Fpr2 −/− controls (colitis score <1).
More bacteria are in direct contact with colonic epithelial cells in Fpr2 −/− than in WT mice A bacteria free, striated, organized mucus layer that appeared relatively thick was present in non-infected WT mice ( Figure 3(a and e) ). In the infected WT mice, this layer appeared thinner, less organized and contained bacteria ( Figure 3(b and f) ), this in line with previously published results from explant specimens demonstrating a decrease in mucus thickness during early infection [28] . In non-infected Fpr2 −/− mice, bacteria were present close to the epithelium with epithelial cells and the mucus layer appeared thin/scant ( Figure 3(c and g) ). At day 6 PI, the mucus layer in Fpr2 −/− mice contained bacteria and appeared thick but disorganized, and a large amount of C. rodentium were in direct contact with the epithelial cells ( Figure 3(d, h, j, and k) ). More bacteria, including C. rodentium, were found in close contact with the epithelium of infected Fpr2 −/− mice than non-infected (p < 0.0001) and infected WT mice (p < 0.005, Figure 3(i-k) ). These findings suggest that the thin disorganized inner mucus layer in Fpr2 −/− mice allows more bacteria including pathogens to gain access to the epithelial surface. 
Higher density of intercrypt mucus but decreased mucin production and speed of transport en route exocytosis in infected Fpr2
−/− mice To determine the quantity of secreted mucin glycoprotein along the crypts in the distal colon, we quantified PAS/Alcian blue-stained tissue sections and found more mucin at each compartment of the crypt in infected Fpr2 −/− compared with WT mice (bottom p < 0.05, mid p < 0.05 and upper crypt p < 0.005, Figure 4 (a-e)). To investigate if the apparent larger amount of mucin found in Fpr2 −/− mice were due to increased mucin production, we metabolically labeled the mucins. The azide-modified galactosamine GalNAz incorporate into the core region of mucin O-glycans and can be used to analyze mucin production and transport [32] [33] [34] . Mass spectrometric analysis verified that 97-99% of the GalNAc residues of the murine colonic mucins from C. rodentium infected mice were in the core region, suggesting that the few percent in the terminal region would not affect the incorporation rate of label to a notable extent (median WT 2.6%, median Fpr2 −/− 1.6%). Newly synthesized mucins can be visualized in the supranuclear compartment of the cell 1 h after injection [33] and reach the colonic lumen in 6-8 h [35] . We compared the quantity and cellular location of labeled mucins in goblet cells of infected WT and Fpr2 −/− mice at day 6 PI, 3 h post-GalNAz injection because by that time the mucins are inside the cells and processing artifacts can be avoided. We scored for location (perinuclear, mid cytoplasm, near apical surface, and at apical surface) and intensity of GalNaz labeled mucins at each compartment of the surface goblet cells (Figure 4(f) ). The metabolic label was predominantly found in the perinuclear area of goblet cells of both groups (Figure 4(f) ). The main difference between Fpr2 −/− and WT mice at day 6 PI was a decreased amount of labeled mucins in the perinuclear (p < 0.05) and mid cytoplasmic (p < 0.05) region (Figure 4(f) ). This suggests that in spite of more mucins being present along the crypt, the production of mucins in the distal colon is slower in Fpr2 −/− than WT mice. Of the mice that became infected, the level of C. rodentium in the spleen was higher in Fpr2 −/− compared to WT mice at day 6 PI and a similar trend was observed for C. rodentium in the liver (n = 6). (c) Colitis score of H&E stained distal colon sections from WT and Fpr2 −/− mice at day 6 PI (n = 6, maximum score 4). Non-infected WT mice from the inoculated group (n = 14) were excluded, as they did not show signs of colitis (scores were similar to that of non-infected controls <1). −/− mice (p < 0.005), whereas the opposite was true for large glycan structures (7-15 residues long, Figure 5(a) ). (e-h) Bacterial localization (EUB338 probe hybridizing with eubacteria including C. rodentium, green) at the epithelium and crypts (outlined by Cell Mask, red) in the distal colon, white boxes show close-ups of the surface epithelium for each genotype/image. In WT non-infected control mice, the vast majority of bacteria were at a distance from the epithelial surface (e) whereas a low amount of bacteria were in contact with the epithelium in the infected WT mice (f) and Fpr2 −/− non-infected control mice (g) and a large amount of bacteria were present in close contact with the epithelium in infected Fpr2
−/− mice (h). (i and j) C. rodentium localization in infected WT (i) and Fpr2 −/− (j) mice detected using an antisera targeting the O152 antigen (also found in C. rodentium). 
O-glycans from both WT and Fpr2
−/− mice were highly sialylated and we identified up to four sialic acid residues in branched O-glycans. In addition, the relative abundance of O-glycans carrying four sialic acid residues was threefold higher among infected Fpr2 −/− compared to WT mice (p < 0.05, Figure 5(b) ). Sulfated structures that were identified were either on galactose or N-acetylglucosamine (GlcNAc), and the level of sulfation was higher (p < 0.001, Figure 5 Table 1) . The protein levels of the vast majority of the cytokines found in the panel were similar among WT and Fpr2
−/− mice. However, higher levels of Tumor necrosis factor α (TNF-α) (p < 0.05), IL-6 (p < 0.005), IL-2 (p < 0.005) and IL-13 (p < 0.005) were detected in WT compared to Fpr2 −/− mice at day 6 PI (Table 1) . Moreover, at that time-point, the majority of chemokines and chemotactic cytokine levels increased in Fpr2 More C. rodentium and EPEC translocate across the in vitro mucosal surface to the basolateral compartment following FPR2 inhibitor treatment Next, the role of FPR2 in bacterial mucosal transmigration was studied using in vitro mucosal surfaces based on human colonic HT29 MTX-E12 cells forming polarized goblet cells, tight junctions and a threedimensional architecture with apical mucus secretion [26] . We found that more C. rodentium translocated across in vitro mucosal surfaces into the basolateral compartment when pre-treated with the FPR2 inhibitor HF965A than across untreated ones (p < 0.05, Figure 6 (a)). Furthermore, more C. rodentium were present intracellularly and in between cell junctions in in vitro mucosal surfaces when treated with the FPR2 inhibitor (p < 0.05, Figure 6(b) ). Assessments of entire membrane sections did not indicate any morphological alterations regardless of inhibitor treatment and in combination with C. rodentium for 24 h (Figure 6(c and d) ). To rule out any effect of the inhibitor on the growth of C. rodentium we carried out a growth assay in the presence and absence of the FPR2 inhibitor and found that both growth curves coincided throughout the 24-h incubation, demonstrating that the differences in invasion/translocation were not due to effects on C. rodentium growth (Figure 6(e) ). To verify the role of epithelial FPR2 in bacterial translocation, we infected the in vitro mucosal surfaces with EPEC, using two additional FPR2 inhibitors and found that PBP10 (p < 0.005) and WRW4 (p < 0.0001) treated in vitro mucosal surfaces allowed more EPEC to translocate to the basolateral compartment compared to untreated ones, and a similar trend was observed with the FPR2 inhibitor HF965A (Figure 6(f) ). The degree of increased permeability after treatment with HF965A was similar in the C. rodentium and EPEC experiments. However, the multi-comparison correction in the EPEC experiment rendered the difference above the limit for statistical difference (Kruskal-Wallis ANOVA: p = 0.12, Mann-Whitney U-test: p = 0.03). As EPEC is more aggressive and grows faster than C. rodentium, we collected the CFU data at 5 h PI, before the monolayer was completely destroyed by the pathogen. These in vitro results further indicate that the lack of functional FPR2 in colonic epithelial cells increases bacterial translocation and plays an important role in limiting bacterial dissemination.
Discussion
In this study, we demonstrated that infection of WT mice with C. rodentium caused an increase in apical lacked the striated inner mucus layer present in WT mice. Decreased mucus production and different glycosylation may contribute to the defect inner mucus layer in Fpr2
mice. Bacteria start their protein synthesis with an N-formylMet and the formyl group has to be removed in order to process mature proteins [22] . Thus, the release of formyl peptides with different lengths and amino acid sequence is a hallmark of bacterial metabolism. In line with this, both FPR1 and FPR2 recognizing formyl peptides have been identified from bacteria including Escherichia coli and Staphylococcus aureus [23] [24] [25] . Based on this, it is likely that C. rodentium release formyl peptides recognized by the innate immune system through FPR2. We confirmed previous reports on the presence of Fpr2 in intestinal epithelial cells [17, 36] . Additionally, we observed increased apical Fpr2 localization after C. rodentium infection. It has been shown that mice lacking Fpr2 or genes that encode antiinflammatory Fpr2-binding proteins are more susceptible to DSS-induced colitis [17, 37] . Complementary to this, we demonstrated that Fpr2 −/− mice were also more susceptible to colonization by a low dose of C. rodentium than WT mice. We selected a dose, 10-100-fold lower than recommended for infection of 100% of the mice [30, 31] , with the aim to infect only a subset of the WT animals. Under natural conditions, the body is frequently exposed to pathogenic bacteria, although infection after exposure is relatively rare. The body has a range of defense mechanisms that can fend of low doses of pathogens. The doses conventionally used for infection experiments are designed to be high enough to override these barriers to ensure that 100% of the mice become infected, enabling studies of events occurring during infection using a limited number of mice. In contrast, when the aim of an experiment is to investigate if barriers to colonization are decreased, a dose designed to colonize only a subset of the control group better points to decreased barrier functions, as demonstrated by the low dose infection experiment. Among colonized mice, Fpr2 −/− mice had more bacteria in direct contact with the epithelium and in the spleen, suggesting compromised barrier functions. The barrier provided by the mucus layer appeared defect: the inner striated mucus layer that keeps bacteria away from the epithelial surface in the WT mice was absent or disorganized in the Fpr2 −/− mice. The outer mucus layer, where the microbial flora reside, is degraded by commensal microbes [2] . Therefore, this area requires constant renewal by goblet cells in order to maintain the inner mucus layer that keeps bacteria from getting in direct contact with the underlying mucosa. Several factors may contribute to the diminished inner mucus layer in the Fpr2 −/− mice. Firstly, the reduced mucin production may lead to a mucin-degrading activity of the microflora that acts faster than the mucus replenishment. Secondly, the changed glycosylation likely alters the microflora, a factor that both can affect the mucus layer production and degradation rate [38] . Finally, the increased negative charge of the mucin O-glycans increases inter-mucin repulsion, potentially resulting in less efficient packaging in mucus granules as well as between mucins in the mucus layer, in line with the more loose and thick appearance in the stained tissue sections. The increased amount of mucin detected in the tissue of Fpr2 −/− mice cannot be explained by the rate of mucin synthesis, since mucin production was impaired in these mice. Possibly, the increased sialylation protects the mucin from bacterial degradation, leading to mucus accumulation. We have previously observed that the cytokine profile changes during the course of C. rodentium infection and is able to regulate mucus thickness and quality affecting bacterial localization relative to the epithelium in the distal colon of WT mice [39] . FPR2/Fpr2 is able to respond to both bacterial and endogenously released formylated peptides, to exert both pro-and antiinflammatory actions [40] . In addition, recent data show that some ligands trigger biased signaling and induce selective functional responses [41, 42] . Several FPR agonists promote inflammation resolution in in vivo disease models [43] . Overall, relatively similar inflammatory cytokine responses were observed in the two genotypes at day 6 and 19 PI indicating that Fpr2 −/ − mice do not lack a protective response. However, the lower levels of TNF-α, IL-2, IL-6, and IL-13 in Fpr2 −/− mice during early infection might account for alterations related to mucus production and goblet cell function, decreased early host defense, and increased mucosal inflammation and pathogen dissemination, since cytokines affect these aspects [39, [44] [45] [46] [47] .
We found higher numbers of C. rodentium translocated from the colon to the spleen in Fpr2 −/− mice, which indicate increased epithelial permeability in the absence of this receptor. Epithelial permeability to dextran has been reversed in DSS treated mice following the administration of an Fpr2 agonist highlighting the importance of Fpr2 in maintaining a stable epithelial barrier [48] . Since FPR2/Fpr2 is also highly expressed by phagocytic cells and is involved in their recruitment to inflamed tissues [49, 50] the higher titers of C. rodentium found in the spleen of Fpr2 −/− mice may in part be due to poor immunosurveillance of invading bacteria in extraintestinal tissues early during infection, before any C. rodentium-specific IgG antibodies are produced to support clearance of the pathogens [51] . However, pretreatment with an FPR2 inhibitor allowed more C. rodentium to translocate across polarized mucus producing in vitro mucosal surfaces than across untreated ones, suggesting that also FPR2 signaling in the epithelial cells participates in limiting translocation of pathogens across the epithelial lining. Epithelial cell restitution is of paramount importance to recover the mucosa following injury or infection. Mitochondrial proteins from damaged cells and bacterial formylated peptides have been shown to enhance wound closure in cultured intestinal epithelial cells by activating FPRs [14, 52] . Also, mice deficient in AnnexinA1, an anti-inflammatory protein that binds to Fpr2, fail to recover the damaged epithelium following DSS-induced colitis in mice [37] . The contribution of FPR2 to wound healing and anti-inflammatory effect may explain why WT mice recover faster from the infection-induced tissue injury than Fpr2 −/− mice as evident at day 19 PI in the current study. Knowledge on the mechanisms that regulate mucosal barrier functions may enable the development of therapeutic regimens against infection and inflammatory bowel disease. Enhancing the activity of FPR2 by selective agonists may have therapeutic benefits to protect against infection or aid mucosal healing; however, further studies are needed to support this.
In conclusion, we have demonstrated a role for FPR2/ Fpr2 in the defense against colonization with human and murine pathogenic bacteria. The lack of Fpr2 renders mice more susceptible to C. rodentium infection due to decreased colonic barrier function comprising both the mucus layer and the epithelial cell layer barriers. The present work supports a model in which FPR2/Fpr2 governs epithelial defenses against infection, including the mucus layer, and restitution of damaged mucosal surfaces. 
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